Sodium niobate (NaNbO 3 ) powder was successfully synthesized by high-energy milling of commercially available Na 2 CO 3 and Nb 2 O 5 powders. The powder mixture was subjected to a mechanochemical treatment of up to 300 min using a ZrO 2 vial and ZrO 2 or WC balls. The formation of NaNbO 3 was monitored by X-ray diffraction. Use of WC balls reduced the time required for synthesis. It was possible to synthesize NaNbO 3 within 120 min when using WC balls. The mechanochemically synthesized powder consisted of agglomerates of nano size particles of 10-20 nm, whereas the size of powders prepared by conventional calcination was 100-600 nm.
Introduction
In the last decade, there has been a strong demand to develop lead-free compounds for piezoelectric applications for environmental reasons. [1] [2] [3] [4] Alkaline niobate ceramics are considered to be a viable alternative to commercial Pb-containing piezoelectric ceramics. Among them, NaNbO 3 is a technologically important material as it exhibits phase transitions between paraelectric, antiferroelectric and ferroelectric phases. 5, 6) Moreover, it is a component of K 0:5 Na 0:5 NbO 3 (KNN) which has been widely studied for use as a lead-free piezoelectric ceramic. 7, 8) The conventional solid-state reaction process of alkaline niobate powder requires a high-temperature and long calcination time that can lead to the volatilization of the alkali metal. Moreover, this method leads to products with large and inhomogeneous particle sizes. 9) In order to overcome these drawbacks, many chemistry-based processing methods have been developed, including co-precipitation, sol-gel, hydrothermal, and microemulsion processes. [10] [11] [12] However, these processes require high-purity inorganic materials that are typically much more expensive than the widely available oxides and carbonates.
Mechanochemical synthesis is the general name given to the process of milling of powders which is accompanied by chemical reactions. It was first developed for the preparation of intermetallic compounds and nano-crystalline alloys. 13) The major advantages of mechanochemical synthesis lie in the formation of reaction products at a low temperature and the refinement of produced powders to a nanometer size range. Recently, several attempts have been made to synthesize various perovskite ceramic powders, such as BaTiO 3 , 14) LaCoO 3 , 15) PZT, 16) PZN-PMN-PT, 17) and NaNbO 3 18,19) powders, using mechanochemical synthesis starting from a powder mixture of carbonates and oxides. For NaNbO 3 , a previous study 18) reported that the milling of a Na 2 CO 3 and Nb 2 O 5 mixture did not result in the formation of this compound but only lowered the calcination temperature for the completion of the reaction between the two components. Another investigation reported the synthesis of NaNbO 3 after an extended milling of 20 h. 19, 20) However, its XRD results showed the milling media contamination due to an extended milling with ZrO 2 milling balls and vial. In both investigations, a planetary ball mill was used for the mechanochemical treatment. As the powder synthesis is affected by the energy provided during milling, milling techniques which give higher milling energies than planetary milling, for example, shaker milling (SPEX milling), would give a better result. Moreover, few studies have been conducted regarding the effects of the milling ball density on the mechanochemical synthesis of NaNbO 3 .
In the present work, mechanochemical synthesis of NaNbO 3 was studied using a high-energy milling apparatus (SPEX mill) in an effort to decrease the milling time for the synthesis. The effects of the milling ball density on the reaction time were also investigated.
Experimental Procedure
Commercial Na 2 CO 3 (99.5%, Aldrich, USA) and Nb 2 O 5 (99.9%, Aldrich, USA) powders were used as the starting materials. Prior to mixing and milling, Na 2 CO 3 powder was dried at 250 C for 2 h in order to eliminate adsorbed water. Between 2.2 g and 3.6 g of starting powders were loaded in a high-energy shaker mill (8000M Mixer/Mill, SPEX CertiPrep, USA) with a cylindrical ZrO 2 vial of 52 mm length and 38 mm inner diameter and ZrO 2 of 10 mm diameter or WC milling balls of 11 mm diameter. A SPEX mill provides, in general, higher collision energy compared to a planetary mill or an attrition mill. 13) For the milling, the ball-to-powder ratio (BPR) was 30 : 1 and the milling time from 10 to 300 min.
For comparison, conventional solid-state reaction powders were also prepared by calcining ball-milled Na 2 CO 3 and Nb 2 O 5 powder mixture at 850 C for 5 h. The mechanochemically and conventionally prepared powders were characterized by X-ray powder diffraction (D-Max 2200, Rigaku, JPN). The morphology of powders was observed under a field-emission scanning electron microscope (JSM6700F, JEOL, JPN) and a transmission electron microscope (JEM-2100F, JEOL, JPN).
* Corresponding author, E-mail: yjy1706@kims.re.kr Figure 1 shows the X-ray diffraction patterns of the powder mixture before and after milling with ZrO 2 balls and a ZrO 2 vial, and with WC balls and a ZrO 2 vial, respectively, for various times up to 300 min. The diffraction peaks of the starting powder mixture show that the mixture consists of monoclinic Na 2 CO 3 and monoclinic Nb 2 O 5 . To quantify the formation of NaNbO 3 , the relative peak intensities of NaNbO 3 and Nb 2 O 5 were calculated using the equations: [21] [22] [23] Rel. I NaNbO 3 ¼ I NaNbO 3 ð002Þ ðI NaNbO 3 ð002Þ þ I Nb 2 O 5 ð180ÞÞ ð1Þ
Results and Discussion
Here, I NaNbO 3 (002) and I Nb 2 O 5 (180) are the intensities of the diffraction peaks corresponding to the (002) plane of NaNbO 3 and (180) plane of Nb 2 O 5 , respectively. Figure 2 plots the relative peak intensities of milled powders with the two kinds of balls as a function of the milling time, which were calculated from the diffraction peaks in Fig. 1 . In the case of the ZrO 2 ball milling, a first trace of NaNbO 3 appears after 30 min of milling and the peak intensities of NaNbO 3 gradually increase with the milling time. In contrast to the NaNbO 3 formation, the peaks corresponding to Na 2 CO 3 disappear after only 10 min of milling while the peaks corresponding to Nb 2 O 5 broaden with the milling time, showing a reduction in crystallite size. After 300 min of milling, NaNbO 3 is the predominant phase and there is no trace of other phases. Further milling results in a broadening of the peaks without change in their positions. When using ZrO 2 balls and a ZrO 2 vial, NaNbO 3 is thus synthesized after 300 min of mechanochemical processing.
The formation of NaNbO 3 was accelerated when using WC balls and a ZrO 2 vial as shown in Figs. 1(b) and Fig. 2 . A first trace of NaNbO 3 appears after only 10 min of milling and the peak intensities of NaNbO 3 gradually increase with the milling time. After 120 min milling, NaNbO 3 is the predominant phase and there is no trace of other phases. These results show that the milling time required for the synthesis of NaNbO 3 is greatly reduced when using high energy milling with high-density milling balls. By using a shaker mill with ZrO 2 or WC balls, respectively, the milling time required for synthesis could be reduced to 1/4 or 1/10 the time required by planetary ball milling using ZrO 2 balls. Moreover, the contamination from the milling balls and vial is not detected by XRD, contrary to a previous case of planetary ball milling. 19, 20) It appears that the reduced milling time suppressed the contamination from milling balls and vial.
To test the thermal stability of the mechanochemically synthesized NaNbO 3 powders, the powder synthesized in a ZrO 2 vial using ZrO 2 balls with a BPR of 30 for 300 min was annealed at various temperatures ranging from 250 C to 750 C. The diffraction patterns showed that the peaks corresponding to NaNbO 3 sharpened with no change in peak position as the annealing temperature increased from 250 C to 750
C. This result indicates that the mechanochemically synthesized NaNbO 3 powders have good thermal stability over a wide temperature range. Figure 3 shows an SEM image of the solid-state reacted conventional powder along with a TEM image of the powder mechanochemically synthesized in a ZrO 2 vial using WC balls with a BPR of 30 for 120 min. The size of the solid-state reacted powder is 100 to 600 nm. However, the mechanochemically synthesized powder consists of agglomerates of small crystallites of 10-20 nm size. Consequently, fine NaNbO 3 powder could be synthesized by mechanochemical milling. Moreover, the use of WC balls, instead of ZrO 2 balls, considerably increased the productivity of NaNbO 3 by accelerating the synthesis and increasing the powder loading. 
Conclusions
Mechanochemical synthesis of NaNbO 3 from a powder mixture of Na 2 CO 3 and Nb 2 O 5 has been investigated. Nanosize (10-20 nm) NaNbO 3 powder was synthesized when the powder mixture was milled in a vibratory mill using a ZrO 2 vial and WC or ZrO 2 balls. The time required for powder synthesis decreased as the density of balls increased. It was possible to synthesize within 120 min when using WC balls with BPR of 30. The synthesized NaNbO 3 powder also had good thermal stability. NaNbO 3 powder can thus be easily produced via high energy milling of low cost Na 2 CO 3 and Nb 2 O 5 powders.
